The gilthead seabream, Sparus aurata, represents an important economic resource for Mediterranean aquaculture. In spite of its wide geographic distribution and economic importance, only recently studies have been carried out on the genetic composition of natural populations, which have revealed a picture of a heterogeneous degree of genetic differentiation among S. aurata populations. In this study an allozyme analysis of samples from six different collecting sites along the Italian and Croatian coasts was carried out, covering an area in the Central Mediterranean sea that has yet to be investigated through gene-enzyme systems. Data on 26 gene loci, 10 of which are polymorphic, indicate a slight but significant genetic structure (F ST = 0.0167) of the species. A hierarchical analysis of population subdivision made it possible to identify three different assemblages found in the Adriatic Sea, Tyrrhenian Sea and Sardinian Channel, though an isolation by distance model can be rejected. The results are discussed in the light of previous literature and taking conservation into consideration.
Introduction
The gilthead seabream, Sparus aurata (Linnaeus, 1758) is a marine and brackish water finfish which is distributed along the coasts of the north-eastern Atlantic Ocean and the Mediterranean Sea. The species has been economically important since the Roman Empire, and has undergone a drastic increase in aquaculture production in Mediterranean countries during the last few decades [1] . These practices involve both intensive (earth ponds and floating cages) and extensive rearing. In these latter, hatchery juveniles which originated from broodstocks of often unknown origin, are released into coastal lagoons, to enhance natural stocks. Thus, accidental escapees from floating cages or restocking programs may represent a potential threat for the genetic diversity of local populations, i.e., the genetic integrity of the species. A responsible management of the species, therefore, relies on the knowledge of its population structure.
Until few years ago very little was known regarding the genetic structure of S. aurata and the first studies reported conflicting data concerning the existence of panmictic [2] (allozyme data on natural populations from Southern Sicily and Northern Adriatic Sea) or subdivided populations [3] (mtDNA restriction site polymorphism analysis of a broodstock).
More recent studies have depicted a picture of species subdivision, but this still needs investigation. A strong differentiation has been detected between samples from six localities from the northern and southern Tunisian coasts through allozymes [4] ; however, only a slight, though significant, genetic differentiation has been detected on a large-scale area, in several wild sample sets from the European Atlantic and Mediterranean coasts, through both allozymes and microsatellites [5, 6] .
In this study, an allozyme analysis was carried out on samples that partly correspond to those previously analysed through microsatellites by De Innocentiis et al. [6] , thus covering the Central Mediterranean sea area that has yet to be investigated through geneenzyme systems. This study aims to verify whether the two sets of markers provide a consistent indication of genetic structure in the species and to measure the level of genetic differentiation detected by allozymes also in this area, in the light of the discordant level of differentiation previously provided by these same markers [4, 5] .
Experimental Procedures
A total of 324 gilthead seabream specimens were collected from six localities (Figure 1 ): from the Southern coast of Sardinia (SC-G, n=32); from the Eastern (Ty-O, Tuscany, n=70, Ty-S, Lazio, n=70; Ty-B, Campania, n=30) and Western coasts of Italy (Ad-L, Puglia, n=64) and from Croatia (Ad-U, n=63). Adult fish were caught at fish barriers in coastal lagoons in autumn, during their natural spawning migration to the sea, from 2000 to 2003. Eye, liver and muscle tissue samples were taken immediately after capture and stored at -80
• C until analysis.
Allozymes were detected by horizontal starch-gel electrophoresis. Loci, tissues and buffer systems are reported in Table 1 . Twenty-six presumptive gene loci which encode for 16 enzymes were resolved. All zymograms were visualized using enzyme-specific stains, following techniques in Richardson et al. [7] . Locus nomenclature follows recommendations by Shaklee et al. [8] . Alleles at each locus were designated by their anodic mobilities relative to the most frequent allele in Ty-S population, designated as 100. Allele frequencies, genetic variability parameters and genetic distances were calculated using BIOSYS-1 [9] and GENETIX 4.2 [10] softwares. Deviations from the HardyWeinberg equilibrium (HWE) were tested with the GENEPOP 3.1d package [11] using the complete enumeration algorithm. Significance levels were then adjusted using stan-dard Bonferroni procedure [12] . Homogeneity multilocus tests of allele frequencies among samples were performed with GENEPOP. Single locus and multilocus F-statistics were computed and their significance tested (after 1000 permutations) through GENETIX. Multilocus hierarchical analysis of molecular variance (AMOVA) [13] , was carried out using ARLEQUIN 2.0 software [14] .
The relationships among populations were investigated through an unweighted pairgroup method of cluster analysis (UPGMA) on Nei's genetic distances using PHYLIP package [15] and bootstrapping on 1000 data sets replicates.
Genetic distances and F ST were also tested for correlation with the geographical coastline distances through a Mantel test [16] , using GENETIX.
Results
Sixteen (AAT-1*, ADH*, CK-2*, CK-3*, EST-1*, GAPDH-1*, GAPDH-2*, GPI-1*, IDHP-2*, LDH-1*, LDH-2*, LDH-3*, MDH-1*, ME*, MPI*, PEP-C1* ) out of the 26 examined loci were monomorphic in all samples. Allelic frequencies at the remaining 10 polymorphic loci are reported in Table 2 . Table 2 Allelic frequencies at ten polymorphic loci in seabream samples from six different localities. Ho = observed heterozygosity, He = expected heterozygosity. Sampling localities are abbreviated as in Figure 1 . Ho 0.000 0.000 0.043 0.000 0.000 0.000 He 0.000 0.000 0.043 0.000 0.000 0.000 Table 2 (continued) Allelic frequencies at ten polymorphic loci in seabream samples from six different localities. Ho = observed heterozygosity, He = expected heterozygosity. Sampling localities are abbreviated as in Figure 1 . Table 2 (continued) Allelic frequencies at ten polymorphic loci in seabream samples from six different localities. Ho = observed heterozygosity, He = expected heterozygosity. Sampling localities are abbreviated as in Figure 1 .
Five loci, ADA*, GPI-2*, IDHP-1*, PGDH*, PGM*, are polymorphic in all the populations, while the remaining five loci are polymorphic only in some of them.
Deviations from the Hardy-Weinberg equilibrium (P< 0.05) were observed in four out of 43 tests, and all correspond to a deficiency in expected heterozygote proportion, respectively at loci sAH* and CK-1* in population Ty-S, and at PEP F-1* in the two populations where the locus is polymorphic, SC-G and Ty-O. However, all loci conform to Hardy Weinberg expectation after Bonferroni correction with significance level adjusted by the total number of comparisons.
Genetic variability parameters of the six populations are reported in Table 3 . The percentage of polymorphic loci (P 0.95 ) range from 15.4 to 23.1% but a wider range is obtained when 0.99 criterion is adopted, as a consequence of the low frequency of some alleles. The mean number of alleles per locus ranges from 1.3 to 1.5 and observed heterozygosities from 0.059 to 0.072.
The total F-statistic (0.0167) calculated for the six populations is highly significant (P<0.001). The pairwise F ST values (Table 4) are distributed over a wide range but, in almost all comparisons, the highest and the most significant values concern the sample from Sardinia (SC-G).
The hierarchical analysis of molecular variance revealed a non casual distribution of variance, and these results were confirmed by homogeneity multilocus tests of allele frequencies. When the samples are divided into two groups, i.e., eastern (Adriatic) and western (Tyrrhenian and Sardinian Channel), a non-significant percentage of variation (0.75%, P>0.05) is present among these groups and heterogeneity in allele frequency distribution is observed (P<0.0001). However, homogeneity can be observed within the Adriatic Sea samples (Ad-L, Ad-U, P>0.5), whereas heterogeneity (P<0.0001) remains within the western group (Ty-O, Ty-S, Ty-B, SC-G). When splitting the western group into the Tyrrhenian (Ty-O, Ty-S, Ty-B) and Sardinian Channel (SC-G) groups, a signifi- Table 4 Values of F-statistics [36] (below diagonal), and genetic distances [18] (above diagonal) between populations. Significance: *P≤0.05, **P≤0.005.
The Mantel test failed to reject the null hypothesis of no correlation between geographical coastline distances and either Rogers' genetic distances (Z, Mantel's correlation coefficient = 712.61; r, Pearson's correlation coefficient = 0.023) or the F ST values (Z = 586.27; r= 0.301). Accordingly to this, the UPGMA phenogram (not shown) obtained on Nei's genetic distances does not reflect the geographical relationships among populations, and all the samples are arranged together in a large cluster regardless of their sampling sea. Within this large cluster, only an Adriatic sub-branch, including Ad-L and Ad-U samples, is identifiable with an acceptable bootstrap support (68%).
Discussion
Our data suggest the existence of differentiation among samples collected along the Italian coasts. In more detail, although the overall F ST value (0.0167) is lower than the average differentiation estimates reported by Ward et al. [19] for 52 marine species (F ST = 0.062), the pairwise F ST estimates reveal significant genetic heterogeneity in many comparisons. The AMOVA allowed us to identify at least three different geographic assemblages, among the six samples assayed, within the central Mediterranean sea. The first group includes the two Adriatic Sea samples (Ad-L and Ad-U), the second one is constituted by the three Tyrrhenian peninsular samples (Ty-O, Ty-S, Ty-B) and the remaining group is the Sardinian Channel sample (SC-G). However, the absence of any correlation between genetic and geographic distances, proved by Mantel tests, does not make it possible to reconcile data with an isolation by distance model.
The picture of the genetic structure obtained, as well as the lack of its assignment to a definite model of evolution, is fully consistent with the one identified by microsatellites [6] on some S. aurata samples analysed here. Microsatellite analyses produced both a similar parameter (Fst = 0.010) of overall weak genetic structure and a clustering in three similar assemblages for the samples of corresponding geographic origin. Thus, the two markers are congruent in depicting a pattern of population subdivision within the Central Mediterranean that reflects the sampling seas.
These results might therefore be interpreted considering the peculiar features of each basin and the marine currents. The separation of the Adriatic populations is probably due to the characteristic of this Sea, which is a semi-closed, shallow basin, which is consistent to the recent evidence of gene flow limitations between Adriatic and other Mediterranean populations reported for another sparid, Diplodus vulgaris [20] . As far as the Central Tyrrhenian Sea assemblage is concerned, an important role might be played by marine currents, which contribute to the eggs and larval passive dispersal. Very little is known on this subject, or on the migratory behaviour of S. aurata adults. However, microsatellite data [6] suggest that larval dispersal through marine surface currents [21] and gyres [22] [23] [24] likely provides a great contribution in maintaining the ongoing gene flow both along the peninsular coast (which would explain the connection among our Tyrrhenian samples, distributed along approximately 300 km of the coastline) and between the facing Tyrrhenian coasts [6] (i.e., the Sardinian East Coast -sample not investigated in this study -and the peninsular West Coast). On the other hand, there are no currents which could provide an actual connection between the insular population from the Sardinian Channel and the mainland population. Correspondingly, this sample is the most divergent one and forms a separate assemblage.
The genetic variability parameters observed in the S. aurata six populations are comparable with those obtained with the same markers in other Sparidae. The mean heterozygosity value observed in our samples (H = 0.066) is within the wide range (H= 0.012-0.083) observed in most (out of 11) sparid species investigated [20, [25] [26] [27] [28] .
Comparing our results to those previously obtained in other gilthead seabream wild Mediterranean populations, our samples show higher heterozygosity values than those observed in other Italian samples [2] , but lower than those reported for samples from East to West Mediterranean [5] , or for samples from the Tunisian coasts [4] (Table 5 ). The number of polymorphic loci (5-9) observed in our samples falls in the middle of the wide distribution range (3) (4) (5) (6) (7) (8) (9) (10) (11) reported by different authors. Although a strict comparison cannot be made between these different studies (Table 5) , some general considerations on the genetic variability of the Mediterranean populations of gilthead seabream investigated can be made. Indeed, the genetic variability in samples from Tunisia is generally higher and the genetic structure more pronounced (Fst = 0.093, highest Fst = 0.265) than those observed on samples of different geographic areas. Some of these latter have been screened also through microsatellites [5, 6] , which might have different evolution rates than allozymes [29] and might disclose different patterns/level of population differentiation in fishes [30] [31] [32] [33] [34] , but both markers were congruent in indicating a weak structuring pattern (Fst = 0.010-0.036). Thus, the genetic variability/differentiation does have a heterogeneous distribution across populations and this evidence stresses the need of genetic studies filling the sampling gaps over the whole species distribution. It also shows that small scale studies, in spite of their limited geographic extent, might be useful in detecting local peculiar situations.
Phylogeographical patterns of many Sparidae species [26, 28] demonstrated a discordant distribution of genetic variation, regardless of similar biological and ecological traits and, thus, data on S. aurata might conform to a more complex pattern characterizing the entire family.
From a conservation point of view, the species subdivision within the Mediterranean Sea, suggested by all studies, casts doubt regarding the management of the gilthead seabream. The common practice for farmers to use breeders of different geographic origin [35] might produce cultured seabream genetically very different from the local wild ones, as recently demonstrated by Alarcón et al. [5] . Consequently, any accidental or deliberate introduction of hatchery samples in the wild represents a potential threat to the genetic integrity of natural populations.
